abstract: Low food availability during early growth and development can have long-term negative consequences for reproductive success. Phenotypic plasticity in adult life-history decisions may help to mitigate these potential costs, yet adult life-history responses to juvenile food conditions remain largely unexplored. I used a foodmanipulation experiment with female Trinidadian guppies (Poecilia reticulata) to examine age-related changes in adult life-history responses to early food conditions, whether these responses varied across different adult food conditions, and how these responses affected overall reproductive success. Guppy females reared on low food as juveniles matured at a later age, at a smaller size, and with less energy reserves than females reared on high food as juveniles. In response to this setback, they changed their investment in growth, reproduction, and fat storage throughout the adult stage such that they were able to catch up in body size, increase their reproductive output, and restore their energy reserves to levels comparable to those of females reared on high food as juveniles. The net effect was that adult female guppies did not merely mitigate but surprisingly were able to fully compensate for the potential long-term negative effects of poor juvenile food conditions on reproductive success.
Introduction
Organisms often live in environments where conditions can change within and across generations. Phenotypic responses to these changes in the environment can depend on the current physiological state of the organism as well as ambient external conditions (Houston and McNamara 1992; Schlichting and Pigliucci 1998 ). An organism's response to the current environment may also be influenced, to varying degrees, by its history via the effects of environments encountered during earlier stages of life and even in previous generations (Mousseau and Fox 1998 ; Schlicht-* E-mail: sonya.auer@email.ucr.edu.
Am. Nat. 2010. Vol. 176, pp. 818-829 . ᭧ 2010 by The University of Chicago. 0003-0147/2010/17606-52187$15.00. All rights reserved. DOI: 10.1086/657061 ing and Pigliucci 1998; Ehrlen 2000; Taborsky 2006) . How this dynamic interplay between genes and the environment molds different aspects of the phenotype throughout the lifetime and across generations can then have important consequences for individual fitness and population dynamics.
Food availability during early growth and development can have long-term effects on the adult phenotype and its subsequent performance (Lindström 1999; Monaghan 2008) . Low food availability during the juvenile stage of life typically has a negative effect on future reproductive success (Lindström 1999; Lummaa and Clutton-Brock 2002) . Long-term costs of low early food levels can arise when reduced rates of growth and development lead to maturation at a smaller size or at an older age; smaller size can reduce fitness because smaller adults generally suffer from decreased reproductive success and increased mortality, while delayed maturation can reduce fitness because it increases generation time and can decrease the reproductive life span (Roff 2002) . Low food availability during the juvenile stage of life can also have negative effects on energy reserves at maturation and susceptibility to starvation, disease, and predation in the adult stage of life (Lindström 1999; Morgan and Metcalfe 2001; Lummaa and Clutton-Brock 2002; McMillen and Robinson 2005) .
During the juvenile stage, organisms exhibit a diverse array of phenotypic life-history responses that can mitigate the negative long-term effects of poor early conditions (Metcalfe and Monaghan 2001) . For example, juveniles of many organisms undergo compensatory growth when conditions improve after a period of growth restriction, whereby they are able to recoup their lost energy reserves and catch up to the body size they would have achieved under more favorable conditions (Metcalfe and Monaghan 2001) . Organisms may also mitigate the effects of poor early conditions by delaying maturation until they reach a larger size (Roff 2002) . While these responses during the juvenile stage can trade off with other fitness components later in life (Johnsson and Bohlin 2006; De Block and Stoks 2008; Auer et al. 2010) , they are thought to be adaptive strategies that make the best of a bad situation (Metcalfe and Monaghan 2001) .
Phenotypic plasticity in life-history decisions during the adult stage of life may also help to mitigate the negative effects of poor early conditions on overall reproductive success. Because resources are limited, organisms must "decide" how to allocate resources to each of the different life-history traits-growth, reproduction, and survivalthat ultimately determine their overall reproductive success (Roff 2002) . Thus, when low food during the juvenile stage leads to fewer energy reserves, older age, and smaller body size at maturation, adults may be able to compensate for their poor early start through changes in how they invest in these different functions during the adult stage. For example, individuals reared as juveniles on low food may devote less to early reproduction and growth and more to fat storage to recoup their reserves. They might compensate for delayed maturation by increasing their rate of reproduction or by investing more in each episode of reproduction. Organisms with indeterminate growth (i.e., those that continue to grow during the adult stage) may compensate for their small body size by first investing more in growth, catching up in body size, and then maintaining the same reproductive output as individuals reared under high food levels. These age-related changes in adult life-history decisions have the potential to lessen the magnitude and eventually obliterate the effects of early food conditions on adult reproductive performance, but they remain unexplored.
An individual's ability to mitigate the negative effects of poor early conditions may also depend on food conditions in the adult stage of life and whether conditions improve or remain constant across life stages. Empirical work has focused primarily on comparing adult survival and reproduction under high food conditions between individuals born under either good or poor food conditions (but see Taborsky 2006 for an exception). For example, many epidemiological studies have taken advantage of data on disease prevalence and reproductive success in human cohorts that experienced famine or good conditions during the early stages of life and compared the fitness of these different cohorts under nonfamine conditions (reviewed in Bateson 2001; Lummaa 2003; Lummaa and Tremblay 2003) . Likewise, ecological studies that experimentally manipulate early food conditions tend to focus exclusively on reproductive success under good or ad lib. adult food conditions (e.g., De Block and Stoks 2005; Alonso-Alvarez et al. 2006; Blount et al. 2006; Barrett et al. 2009 ). These studies generally find that individuals reared as juveniles on low food suffer from reduced reproductive success under high food adult conditions (but see Taborsky 2006; Painter et al. 2008 for exceptions). However, under low adult food levels, individuals reared as juveniles on low food may actually enjoy a reproductive advantage over individuals reared as juveniles under high food levels because of their smaller body size and lower maintenance costs (Monaghan 2008) . Taborsky (2006) found that the long-term effects of rearing environment did not depend on the quality of the adult environment in a cichlid fish (Simochromis pleurospilus), but the generality of these long-term negative effects across different adult environments still needs to be investigated.
I examined adult life-history responses to early food conditions and whether these responses changed with age and across different adult food conditions in female Trinidadian guppies (Poecilia reticulata). Guppies are small, live-bearing poeciliid fish that inhabit freshwater streams on the island of Trinidad, West Indies. Females used in the experiment were the offspring of first-generation descendants of fish collected in 2008 from a downstream, high-predation site on the Aripo River in the Northern Range Mountains. Food availability in this and other streams fluctuates on a seasonal basis through distinct alternating wet (low food) and dry (high food) seasons (Reznick 1989; Kohler 2010) . Because guppies reproduce throughout the year, their lifetime either can span an entire wet or dry season or can span the transition between seasons such that food conditions may either remain constant or change from the juvenile to the adult stage of life. Guppies exhibit distinct phenotypic life-history responses to changes in food availability in both the juvenile and the adult stages of life (Reznick 1989; Reznick and Yang 1993; Bashey 2006) . However, effects of juvenile food levels on adult life-history decisions have not yet been examined.
I performed a food-manipulation experiment with a factorial design that had two juvenile and two adult 2 # 2 food levels. Female guppies were raised on either low (L) or high (H) food until they matured. At sexual maturation, half of the females from each juvenile food level were switched to the opposite adult food level (L or H), while the other half remained on the same ration trajectory received during the juvenile stage (L or H). I measured adult responses in somatic growth, reproductive rate, reproductive investment, fecundity, offspring size, and female body condition to juvenile growth history, how these responses changed with age, and how they affected overall reproductive success under low and high adult food conditions.
Methods

Rearing of First-Generation Fish
Twenty females were collected from the wild, brought into the laboratory, and housed in individual 8-L aquariums until they gave birth (Reznick 1982) . Litters of firstgeneration (F1) offspring from each of the 15 wild-caught females that gave birth were collected when born and housed communally in larger 19-L aquariums. Offspring from each litter were sexed once they reached 28 days of age, females being distinguished from males by the triangular pattern of melanophore development in their abdominal region (Reznick 1990) , and separated by sex into their own communal tanks. When offspring reached 35 days old, a week before the earliest recorded age at maturation in guppies (Reznick 1980) , one F1 female was randomly chosen from each litter and housed individually with one randomly selected unrelated F1 male. The 15 F1 male-female pairs were kept in the laboratory until females reached a size large enough to produce litters containing more than 20 offspring (approximately 6 months).
Parental as well as F1 fish were fed a diet of liver paste in the morning and Artemia brine shrimp nauplii in the evening. Rations for female F1 fish started at 10 mL day
Ϫ1
and were increased by 20 mL every 2 weeks to adjust for increases in body size. Since male guppies stop growing once they reach maturity, their rations were increased only up until 20 mL day
.
Study Design
Twenty second-generation (F2) offspring from a litter from each of the 15 pairs were separated at birth and housed in separate aquariums. The F2 siblings were housed next to one another in blocks in the laboratory. One-half of the litter was randomly assigned to a low food (L) ration, while the other half received a high food (H) ration. Offspring were sexed once they reached 28 days of age, as done for F1 offspring. Three females and one male from each food level from each litter that were similar in body mass ( for the experiment. At maturation, one female from each ration level was randomly chosen from each litter, measured, euthanized with an overdose of MS-222, and preserved in formalin to estimate body condition at maturation (see below). Of the two remaining female siblings for each juvenile food level, one was switched to the other ration level, and the second was kept on the same ration level for a full-factorial design of two ration levels across two life stages: low-low (LL), low-high (LH), high-high (HH), and high-low (HL). Female siblings were kept on that adult food ration until they gave birth to three litters.
To estimate age at maturation and thereby the timing of switches in food levels, I used the observable sexual development of each male sibling as an index of his sister's maturation. Female guppies give birth to live young, so maturity is not apparent until first parturition. However, age at maturation is best approximated by male age at maturation; male age at maturity is roughly equal to female age at first parturition ‫2-1ע(‬ days) minus one gestation period or interlitter interval, the number of days between litters (Reznick 1982) . Sexual development of a male sibling under his respective juvenile food levels, measured by the developmental stage of his intromittent organ (the gonapodium), was therefore used as an index of the timing of his sister's maturation (Reznick 1990) .
Fish were fed a diet of liver paste in the morning and Artemia brine shrimp nauplii in the evening. Food levels were increased every 2 weeks. In the low food treatment, total daily food levels for the first three 2-week periods were 2, 4, and 7.5 mL and then increased by 5 mL each 2-week period thereafter. Fish in the high food treatment always received twice the amount allocated to fish in the low food treatment. These low and high food level trajectories were set according to rations that have been predetermined to lead to growth rates and female body size at maturation that fall within the range observed across guppy populations in the wild; growth rates under these rations range from 0.5 to 2.25 mm/2-week period in the laboratory versus 0.25-2.25 mm/2-week period in the wild (Grether et al. 2001; Reznick et al. 2001) , while female body size at maturation on these same rations ranges from 13 to 17 mm in the laboratory and from 12 to 17 mm in the wild (Reznick and Endler 1982) . Tanks were checked for uneaten food after each feeding, but no incidences of uneaten food were observed.
Standard length (SL) of each fish was measured every 2 weeks from the time it was born until the end of the experiment. Body mass was measured starting at age 15 days. Each fish was anesthetized in a solution of neutrally buffered MS-222 and measured under a dissecting scope using digital calipers and then weighed using an electronic balance. Females were mated overnight each week with a male randomly selected from a stock tank of unrelated stud males once they reached 35 days of age and were approaching maturity (Reznick 1980) . Aquariums were then checked twice daily for newborn offspring. Offspring were collected, euthanized with an overdose of MS-222, and preserved in 5% formalin on the day they were born. Female SL was also measured on the day each litter was born. Females were measured and weighed, euthanized, and then preserved, as done for offspring, on the day they gave birth to their third litter, for analyses of fat reserves.
Adult growth rate, reproductive rate, litter dry weight, fecundity, and offspring size were determined for the first three litters. Adult growth rate was calculated as (SL litter i Ϫ SL litter iϪ1 )/the number of days between each litter, where i is the litter number. Interlitter interval represents the rate of reproduction and was calculated as the number of days between consecutive litters. Because age at maturation was estimated, only intervals between the births of the first, second, and third litters were calculated. Litter dry weight, measured after drying each litter overnight in an oven at 60ЊC, provided an index of total investment per litter. Offspring standard length was measured in three to five offspring randomly chosen from each litter. To estimate changes in adult body condition between maturation and the birth of the third litter, females from the subset preserved at maturation and those preserved at the birth of their third litter were dried overnight in an oven at 60ЊC and then submerged in anhydrous ether to remove triglycerides until they reached a constant lean dry weight (Reznick and Endler 1982) . Extractable fat content per female was then calculated as the difference between the dry and the lean dry weight.
Statistical Analyses
I used a linear mixed-model approach to examine adult life-history responses to juvenile growth history and how these responses differed with age and the quality of the adult environment. For analyses where the dependent variable was measured only once on each individual, block was included as a random effect to control for variation in pedigree and microenvironment in the laboratory. For analyses of longitudinal data, female identity was included as a random effect to control for the nonindependence of repeated measures on the same female (Singer and Willett 2003; Bolker et al. 2009 ). For each trait, I began with a full model and used backward model selection, sequentially eliminating terms with the lowest F values until all terms in the model were significant. For analyses of mean effects across the three litters, the full model contained all main effects and their interactions. For analyses of age trajectories, the full model for each trait included all main effects, covariates, and all possible two-and three-way interactions between age and stage-specific food levels.
For the timing of first reproduction, I tested for effects of juvenile food level on the age and size at maturation, as estimated by male sexual development. However, because female age at first parturition is a more direct measure of maturation, I also compared age and size at first parturition between juvenile food treatments. For this latter analysis, I compared LL and HH females but excluded HL and LH females because of confounding effects of their adult food levels.
For adult growth and reproduction, I first tested for treatment differences in the intercept and age trajectory of each trait. I examined models that included and then models that excluded female SL as a covariate. Age was included as a time-varying covariate to account for temporal changes in reproductive traits and to control for agespecific changes in food rations. Because females differed in their reproductive schedules but food levels were dependent on age, all analyses were centered on the grand mean age (57 days) and grand mean SL (15.3 mm) at the yolking of the first litter. When the effect of juvenile or adult food levels on a reproductive trait changed with age, I recentered the intercept in the final model on the grand mean age and grand mean female SL at the yolking of both the second (age: 84 days; SL: 18.9 mm) and the third litter (age: 108 days; SL: 21.6 mm) and tested for treatment differences in that trait at those two litters as well (sensu Singer and Willett 2003; West et al. 2006) . I then tested for overall effects of juvenile and adult food levels on the mean interlitter interval, mean adult growth rate, total litter dry weight, total fecundity, and mean offspring size across all three litters. If there was a significant interaction between effects of juvenile and adult levels on a specific trait, I examined differences in that trait value between LL and HL females and between LH and HH females. Finally, because both the timing of maturation and the rate of reproduction can affect overall reproductive success, I tested for effects of juvenile and adult food levels on overall reproductive success, in terms of total litter dry weight and total fecundity across all litters, by controlling for the number of days it took a female to produce all three litters (i.e., her age at the birth of the third litter).
The effects of juvenile and adult food conditions were examined in 60 females, 15 females per treatment. One HH female never reproduced, so reproductive estimates are from only 59 individuals. Five individuals (one LH, one LL, and three HL females) did not produce their third litter because of premature termination of the experiment, so they were omitted from analyses of total litter dry weight and total number of offspring produced across all three litters. In all analyses, I ran diagnostics to ensure the functional form of the model and to check that residuals were normally distributed. With the exception of fecundity, all traits were normally distributed. For fecundity, I specified a quasi-Poisson distribution because the data were counts wherein the variance was greater than the mean. Main effects and interactions were regarded as significant when . All models were run using SAS, version 9.3 (SAS P ! .05 Institute, Cary, NC). Estimates for each trait are given as least square means ‫ע‬ 1 SE.
Results
Juvenile Growth Rates
Standard length of newborn females at age 1 day was mm and did not differ between low and high 6.54 ‫ע‬ .03 food treatments (juvenile [juv] 131.5 ‫ע‬ 6.5 mg, respectively). 169.5 ‫ע‬ 6.7
Interlitter interval changed with female age and was affected by both adult and juvenile food levels (table 1; fig. 2A, 2B ). Interlitter interval was longer in females in the low adult food environment (L ad ) relative to females in the high adult food environment (H ad ) for both the second and the third litter (table 1; fig. 2A, 2B ). There was a significant effect of juvenile food level on interlitter interval and how it changed with age (table 1; fig. 2A, 2B ). Interlitter interval was shorter in L juv relative to H juv females for the second litter (table 1) but was similar between L juv and H juv females for the third litter ( , ). t p Ϫ.21 P p .83 Female SL had no effect on interlitter interval, so it was not included in the model. Overall, juvenile food level had no effect, while an increase in adult food level led to a shorter mean interlitter interval across the last two litters (ad: , ; block: Wald , F p 22.12 P ! .01 Z p 1.52 P p 1, 14
; fig. 2C ). .06
Adult Growth Rates
Juvenile and adult food levels both had a significant effect on adult growth rates and how they changed with age (table 1; figs. 1A, 2D, 2E). When female SL was included as a covariate in the model, daily growth was slower in L ad relative to H ad females across all three litters (table 1) . In contrast, daily growth was faster in L juv relative to H juv females leading up to the birth of the first (table 1) and second ( , ) litters but then similar among t p 2.54 P p .01 L juv and H juv females leading up to the birth of the third litter ( , ). When female SL was excluded t p 1.69 P p .09 from the model, juvenile and adult food levels both had a significant effect on adult growth and how it changed with age (table 1; fig. 2D, 2E ). Daily growth was slower 
Reproductive Investment
Juvenile and adult food levels both had significant effects on litter dry weight and how it changed with age (table  2; fig. 3A, 3B ). When female SL was included as a covariate Trajectories are for females with high-high (HH), highlow (HL), low-high (LH), and low-low (LL) food levels across the juvenile and adult stages. For predicted trajectories, symbols represent the grand mean age at each of the three litters. Reaction norms are for those same females reared on low (L juv ) and high (H juv ) juvenile food levels under low (L) and high (H) adult food levels.
Juvenile and adult food levels both had significant effects on fecundity and how it changed with age (table 3; fig.  3D, 3E ). When female SL was included as a covariate in the model, fecundity was similar among L ad and H ad females for the first litter (table 3), but it was lower in L ad females relative to H ad females in the second ( , t p Ϫ3.20 ) and the third ( , ) litters. In con-P ! .01 t p Ϫ3.64 P ! .01 trast, fecundity was similar among L juv and H juv females for the first litter (table 3) but was greater in L juv females relative to H juv females in the second ( , ) t p 1.97 P p .05 and the third ( , ) litters. When female SL t p 3.96 P ! .01 was excluded from the model, juvenile and adult food levels both had significant effects on fecundity and how it changed with age (table 3; fig. 3D, 3E) . Fecundity was increasingly lower in L ad females relative to H ad females in the first (table 3) , second ( , ), and third t p Ϫ8.31 P ! .01 ( , ) litters. In contrast, fecundity was t p Ϫ11.53 P ! .01 lower for the first (table 3) , similar in the second (t p , ), but greater in the third ( , 1.34 P p .19 t p 2.43 P p ) litter in L juv relative to H juv females. In addition, there .01 was a significant interaction between juvenile and adult food levels on fecundity; the difference in fecundity between LL and HL females was less during the first and second litters but greater in the third litter relative to the difference between LH and HH females across those litters ( fig. 3D, 3E ). Overall, juvenile food level had a negative , ) on total fecundity across all three litters, 1.30 P p .09 L juv producing roughly two more offspring than did H juv females ( fig. 3F ).
Offspring SL increased with age but was not affected by adult food levels (table 3; fig. 3G, 3H ). Juvenile food level did have an effect on the age trajectory of offspring SL (table 3) , but because this effect was so slight, there was no difference in offspring SL between L juv and H juv females at the first (table 3) , second ( , ), or third t p Ϫ.17 P p .87 ( , ) litter. Female SL had no effect on t p Ϫ1.32 P p .19 offspring SL, so it was not included in the model. Overall, juvenile and adult food levels had no effect on the mean offspring SL across all three litters (juv: , F p .60 P p ; fig. 3I ). .03
Overall Reproductive Success
When the number of days taken to produce all three litters was accounted for (female age at birth of third litter), only adult food levels had a significant effect on total dry weight invested in all three litters (juv: , ; ad: 
Discussion
Environmental conditions during the juvenile stage can potentially have long-term negative consequences for reproductive performance through their effects on age, size, and energy reserves at maturation. Here, I show for the first time that phenotypic plasticity in age-related adult life-history decisions can not only mitigate but, surprisingly, fully compensate for setbacks caused by poor early food conditions, regardless of the quality of the adult environment. The L juv females matured at a later age, a smaller size, and with lower fat reserves relative to the H juv females. In response to their juvenile history, they changed how they invested in growth, reproduction, and energy storage throughout the adult stage. In both low food and high food adult environments, L juv females first invested more in growth and less in reproduction relative to H juv females. Next, they continued to grow at a faster rate but also invested the same in reproduction as H juv females. They also produced the second litter at a faster rate relative to H juv females. Toward the end of the experiment, they then invested the same in growth and reproduced at the same rate but invested more in reproduction relative to H juv females. A faster rate of increase in body size in L juv females facilitated this concomitant increase in their litter dry weight and fecundity. However, L juv females also compensated for their smaller size in later litters by increasing their size-specific investment in reproduction and producing litters with a higher dry weight and a higher number of offspring than H juv females. By the time they gave birth to their third litter, they had also restored their fat reserves to the same levels found in H juv females. These age-related changes in life-history decisions effectively allowed them to catch up in body size to H juv females, to compensate for their delayed maturation, and to recoup their energy reserves in each adult environment. The overall effect was that L juv females produced a slightly higher total litter dry weight and greater total number of offspring across the three litters but achieved the same reproductive success as H juv females when accounting for the time it took to produce all three litters. Overall, L juv females grew at faster rates, but they also had a higher total litter dry weight and produced a greater number of offspring across the three litters than did H juv females. This higher total investment was accomplished despite having lower fat reserves at maturation and without any compromise to their fat levels at the end of the experiment. How were L juv females able to invest more in growth and reproduction relative to H juv females? One potential reason is the difference in metabolic needs associated with differences in body size between females reared on low versus high food levels as juveniles. In each adult environment, faster growth in L juv females eventually led to convergence in body size with H juv females, but this occurred only after the yolking of the third litter. Thus, L juv females were always smaller for their age and therefore may have had more resources left over after maintenance to devote to growth and reproduction (Monaghan 2008) . Alternatively, treatment differences in growth and reproduction may have stemmed from differences in how L juv and H juv females invested in other processes such as immune function and the repair of oxidative damage that may enhance future survival; L juv females may have prioritized growth and reproduction at the expense of survival relative to H juv females (see further discussion below).
Females with a shared juvenile history exhibited strikingly similar plastic responses in growth and reproduction across low food and high food adult environments. Moreover, age trajectories of three traits-interlitter interval, offspring SL, and size-specific growth-did not depend on adult environment at all but varied only in response to juvenile food level. These patterns suggest that individuals with a shared juvenile history are adhering to a common resource-allocation rule dictated by their similar internal state-age, body size, and energy reserves-at maturation (McNamara and Houston 1996; Jørgensen and Fiksen 2006) . This common life-history response among L juv females allowed them to fully compensate for their poor start in life in both adult environments and, therefore, regardless of whether conditions improved or remained constant across life stages. However, both mortality risk and the timing of reproduction, in addition to reproductive investment, also influence fitness, so the adaptive value of these responses is not yet clear.
Compensatory responses during the adult stage may have detrimental effects on survival by increasing intrinsic mortality. While no deaths occurred during the production of the first three litters in this study, it is feasible that compensation during the adult stage may have delayed effects on intrinsic mortality. Compensatory responses during the juvenile stage are known to heighten the risk of intrinsic mortality later in life (Metcalfe and Monaghan 2001; Forsen et al. 2004 ), but the fitness consequences of compensation during the adult stage are not yet clear. Higher growth and reproduction in L juv relative to H juv females may come at a cost to future survival. This tradeoff could be mediated simply by changes in energy allocation, energy intended for future survival being diverted instead toward growth and reproduction (Roff 2002) . Negative effects on survival may also be compounded by the effects of increased growth and reproduction on oxidative stress (Alonso-Alvarez et al. 2004; Costantini 2008; Monaghan et al. 2009; Dmitriew 2010) . Increased somatic growth and reproduction, through their positive effects on metabolic rate, may increase the production of reactive oxygen species (ROS; Alonso- Alvarez et al. 2004; Monaghan et al. 2009; Dmitriew 2010) . ROS are a normal byproduct of aerobic metabolism but can damage cellular components such as DNA, lipids, and proteins (Finkel and Holbrook 2000) . Imbalances in the production of ROS and the antioxidant defense and repair systems needed to combat their negative effects can lead to oxidative stress and may thereby have detrimental effects on survival and longevity (Monaghan and Haussmann 2006; Costantini 2008; De Block and Stoks 2008; Monaghan et al. 2009; Nussey et al. 2009 ). However, it is unclear how effects of growth rate on the production of ROS and their counteracting antioxidant defense and repair mechanisms during both the juvenile and the adult stages may interact to influence oxidative stress and survival during the adult stage. The L juv females invested more in growth and reproduction during the adult stage, but they also grew less during the juvenile stage relative to the H juv females. Slower growth during the juvenile stage should therefore demand less investment in cellular repair or antioxidant defense systems, but whether faster growth during the juvenile stage incurs less, more, or comparable damage to faster growth and increased reproduction in the adult stage remains unexplored.
Extrinsic sources of mortality are also likely to moderate the ability of individuals to compensate for a poor start in life in the wild. Because predation-driven mortality in guppies is known to be size-selective, smaller individuals suffer from increased vulnerability to predation risk relative to larger individuals and may therefore not live long enough to compensate for their poor start to life (Reznick et al. 1996) . In addition, L juv females matured at a significantly later age and at the time when H juv females were roughly halfway through the production of their first litter. Increased investment in reproduction by L juv females may compensate somewhat for their delayed reproduction, but predator-induced selective pressures are known to put a premium on early reproduction in wild guppies (Bronikowski et al. 2002) . When these differences in the timing of reproduction are integrated with the risk of mortality, females that experience low food as juveniles in nature may well have substantially lower reproductive success than those that experienced high food levels as juveniles.
Finally, age-related changes in the effects of juvenilerearing conditions on adult reproductive traits may have important consequences for population dynamics. Delayed effects of rearing conditions are known to increase heterogeneity in reproductive performance among individuals or cohorts in a population and thereby influence population dynamics (Saether 1997; Beckerman et al. 2002; Benton et al. 2006 ). Lindström and Kokko (2002) show theoretically that cohort effects can have either a stabilizing or a destabilizing effect on population dynamics, depending on whether the dynamics of the population are inherently unstable or stable, respectively. Their model assumes that early conditions have a permanent impact on the quality of the individual. Here, I show that this assumption may not always be met; low juvenile food conditions had a negative effect on reproduction in the first litter, no effect on reproduction in the second litter, and a positive effect on reproduction in the third litter in guppies. This change in the magnitude of early environmental effects may affect population dynamics but has not yet been examined.
Understanding the long-term effects of early environmental conditions is of primary importance to evolutionary biologists studying the adaptive value of phenotypic responses to environmental change (Monaghan 2008) , to ecologists investigating the effects of environmental variation on population dynamics (Lindström and Kokko 2002) , and to biomedical researchers interested in the developmental origins of human disease (Lummaa and Clutton-Brock 2002; Bateson et al. 2004) . Early environments, through their effects on growth and development, can potentially limit adult reproductive output and life span. Yet, life-history trajectories, as demonstrated here, are not just passive consequences of the constraints imposed by early conditions; individuals can respond to variation in the environment through flexibility in growth, reproduction, and energy storage. Adult responses to poor early conditions may therefore help organisms mitigate potential long-term costs to reproduction and survival, but their underlying mechanisms and adaptive value require further attention.
